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SOME EXPERIMENTS ON LIQUID HELILN4 HEAT TRANSFER - CHARACTERISTICS AFF5CTING

STABILITY OF SUPF”?ONDUCTING MAGNET OPERATION s

Stefan L. Wipf

Las Alanos Scientific Laboratory: MS 764
Los Alanoa , N.M. 87545

Heat transfer from 25Aan thick, 6.36 mw wide Mb tape
into boiling heliun in vertical chan:lels of 1.7 x 21 mm
cross section was studied. liormal zones were initiated
by heaters attaohed h the tape surf~e not in contact
with he liquid. Two heat transfer effects of’ pssible
lm~rtarwe for aup?rcorxiuotor stability were observed:
1. Steedy normal zones enabling the measurement of

looalizd heat transfer, and 2. Heat transport to neigk
boring tapea by means of the c~olant. 1. Steady normal

zones are those that neither grow nor deoay: they occur
at current densities of 13 to 1/ kA/cml, corresponding

to heat transfers of 0.45 to 0.9 W/cml for the normal
portion of the tape, Fluctuations of the length of the
normal zone ●re < O.U nxn. Comparison of measured temp-
erature ~ofiles with calculations yields localized
heat tran3fer values. A heat trensfer -3 times highar
than the peak nucleate boiling value of 0.42 W/cmZ
(measured for brass tapes) exists in a 2 rmn wide region
near the normal to superconducting boundary, It 13
inferred that this is the region where the gaseous film
covering the normal zone terminates and wetting by th,,
boiling liquid begins, 2. In ● current ranje where thl!
normal zones dmay again, it is observed that heater
pulses (square, l s long) larger than a critical level
(0.7 W) cause rmrnal ?ones to ❑ppear in tapes directly
above the heater-itiuced .Tomal zo?e, with a delay of
the order of 0.1 s, SuEgested ●xplanation: The heat’from
pulse and induced resistive zone va~rizes the limited
amount of liquid helium in contact with the zone .wwi,
before convection has time to develop, the helium
becomes superheated Wove the critical 6 - 8 K. As it
then rises notmal zones are created.

I Introducti~n

[n fotmetion or heat transfer is im~rtant Aen jwJg-
ing the citability of supercoml,)cting coils, The avail-
able data npplics mostly to what is railed stemiy state

hont trnnsfer, There nre two obviouo shortcomings: a
lnrg~ scatter of puhlish~tl dntn (pointing tn the
im~rtancc of hidden p-rmnotcrs) ad a lack of riatn In
the lnt?rmccl iate region hetu?en nuclcntc boiling nml
film boiling. Leas obvious shortcomings: when applying
such datn to the stability prohlcm one neede information
on a highly time dependent hcnt trnnsfcr - indeed, in

the atendy state a healthy superconducting winding needs

no heat transfer nt all - , moreover, any diaturbarwo,
any initiation of m instability, is likely to be a
function of poaiticm, whet-ems most steady atnte bent
trnnefer vnlues nre averngcd over surfaces of the order

of ml .

Tho orl.ginnl pur~se of the Investigation, in eol-

lnbornt ion with S, G, Syrlorink, wnn to mensur? steady
Etnte hont trahsfnr to hrliwn in chnnwols nnd its
dept?mionooon vnrious pnrmnntcre, cnpn(:!nlly its rleprnd-
ence on liquid h?l iurn flow npeed nn nxpnctori from n
correlation or existing experimrntnl riata,l and pnnlhly
uaerul !%r the control of quom?hon.t Aft@r ate.ndy normnl
zonos in ● superconducting Nb tripe over n considerable
rmngo of current were observed, thn author dnoitled to
mako rurth?r investl~ntions,ns syntmnaticmlly nm Pasl-
ble, with the ●xisting nppnrntus.

~en n nuporcondur!tor is tiisturh~d by merwte or n
10cnl hod puln?. the ●nwulng mnrmnl mne either grows
or deanys, rl@prwdlng on the hnlnnce hetwmen Jouln heat-
ing by the tranoport ourrcnt nnri cooling hy coo~nnt
-. . . . . . . . . . . . -,, . . . . . . . . . --- -.. _ .
‘Work pcrl%rm~d und-r lIM nusplc~~ oi trm US Dept. or U)qrny,

action atrl ootiuotion. Tf there is ● steady twmaal zone,
it is expcted to be in a state of unetable equilibria,

ocourring ●t spaclflo, well defined valws of current
end temperature and is referred to as miniatm propagat-
ing zone (FIPZ).~.4 in oontrast, the observed steady nor-
❑ tai zones (SNZ) do mt d~ay or grow, mormver, they

exist over a wide range of ourrents. The minimun prop-
gating ~ne has the same kind of equilibrium ●e that of
● ball placed on t.ep of a @lnted stiok - It IS expectd
to fall off. hwaver, the ball’s not falling off points
to the wtion of ~asibly quite omnpl~catad meohanime,
such as a juggler at the other end of the stiak. SNZ are

unlike HPZ: they are in the sane class as the juggled
ball, At present no plausiole explanation for the

balancing mechanisn la kmbm. SNZ have been tiaarved on
oaoasion ‘,6 and could mmetimes plausibly be explained
by hot apota left in Ineuffiaiently cooled plmes, such
as under epacera. The SNZ re~rted here hmve M suoh
explanation. Their bahavior lo deearibed in sane detail.
They can be put to uae in measuring localized heat
transfer, especially in the otherwise hmdly accessible
region betwee,l nuoleate and film boiling.

A second erfect, observed and describd, Is the
occurrence of normal zones in tapes adjacent to :!,e
pulsed heater but thermally insulated from it. The
anomalous heat trans~rt is a trnnaient prooess on n
time scale of the order of tenths of seconde.

Roth processes can be of imprtance fbr the stabil-

ity of bath-cooled supercorwlucting magnets.

11 Experiment.al setue—

The experlmentnl rcsulte ara obtmind from an annu-

lar flow chanbor consisting or two concentric fiber
glass-epoxy aylinrlers, approximntcly ?2 am in dimneter,
held 1,7 mm apart by teflon dividers that form 30 verti-
aal channels, each 22 mm wide, extetiing don the 30 fi
long annular spncu. Thin braaa tapas, 3 mil thick, 6.36
mm wide nrr wunti as 3 single tur!m and as ❑ epiral of U
turns around tho innar cylinder and are in on-sided
aOnttICt with the coolent in tha chlnnel. A niobi~ tape

of the acme width hut only 1 mil thiak fonne a spiral of
just over 3 turns (91,5 chnnneld between the middle and

top single brnns turns. A centrifugal punpconnected to
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the center of the lower plenwn allows the liquid heliwn

to be driven upwards through all channels in parallel at
speeds up to ]5 cm/s. 34 current and potential leads, 18

thermaneters and 3 pulsed heaters (these are in the mid-
dle and at one third and tw thirds of the Nb tape) are

used to operate and monitor different sections of the
tapes. Details of the apparatus are illustrated in

Fig.1.

The carbon thermometers are individually calibrated
between 1,5 and 30 K. They are encased in stycast and
attached with stycast through slots in the inner cylin-
der to the back of the tapes so that the separation
between the copper leads and the tape is minimal.

Through similar slots the heaters - wire wound on copper
forms - are soldered to thin brass foils spotwelded to

the Nb tape. The brass foils serve also as potential

probes, A foamed epoxy backing reduces heat leaks

through the leads.

Heat transfer was measured in the brass tapes and

critical heat flux for transition from nucleate to film
boiling was measured in b different channels and tw
different tapes to be between 0.38 and 0,45 W/cmz with
the average at 0.41, The recovery heat flux was between
0,276 and 0.343, with the average at 0.31 W/cm*. It was
found that many thermometers were reading low (possibly

being saused by cracks admitting liquid helium to the
thermometers or by poor contact to the brass tapes), The

heat transfer versus th! temperature difference fr6:n the
highest reading thermomcte’-s i’J given in Fig. 2, The

nucleate boiling reg~on dif~ers from data established in
the literature.
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is obtained (s. Fig. 2). Equating the power production
with the heat transfer gives the temperature of the
resistive Nb tape. The critical current of the Nb tape
at 4 K is in excess of 30 A (limit of current leads).

III Steady normal zones

The Nb tape, carrying a current less than the criti-

cal current, can be made resistive by means of heater
pulses,

The first surprise is that for a current < 21.5 A

the nornral zone (NZ) created by the heater pulse will
decay by jtself. This was observed up to the highest

heater pulses of 27 W and 2 s (54 J). At currents 2 22 A
the NZ does not decay, provided the heater pulse exceeds

a very small threshold value. The threshold is 0.4 J at
22 A; 0.23 J at 24 A and < 0.1 J at 26 A. At 21.5 A the

power proc’uced in the normal Nb tape per cooled surface
is 0,43 WICM1.

The second surprise is that the non-decaying NZ does

not grow by itself and is in fact quite steady. At cow
stant current the voltage across a St#Z, interpreted as

length of resistive zona shows fluctuations of less than
~0.4 mm. The length of a SNZ, after it is established by

a heater pulse, usually extends from one to several
channels and is only little affected by changes in cur-
rent. After increasing the current to “ 24 A the SNZ can

grow by several channels and come to a stop again; at

yet higher currents, usually > .25 A It grows without
stopping, or until the current is slightly lowered
again. The growth occurs at a rate of one to several
cm/s,

The extent and locatlon of tht SNZ depends on the

history of the current changes. By monitoring the dif-
ferent potentiel taps it was observed that the larRer

SN1 existed rarely in one continuous resistive secti~n:
instead there were usunlly two or three resistive zones

in adjacent turns. The resiqtlve zones in adjacent turns
were either creaced right from Lho beginning by a suffi-

ciently large heater pulse, or they suddenly aPrJeared
durin~ a growth process. “/he largest SN7, observed con-

sisted of one or two fully resistive turns with super-
conducti,lR portions left In the bottom turn. Fig. U is

an illustration of SNZ growth and decay. The dashed

trace is a small sN2, created at ~? A (n), growing to a
length of ?.(J chiinnels at 24,8 A (b) and decaying on re-
ducing the current to 20 A (c), Ming Created a Second
time (d) the SNZ behaves identically, however, instead
ef letting it decay the current is increased again at

21,6 A,, just above the first rlecny steF (e). At 27 A
the SNZ grows (f) to > 50 channels (off scale), the

growth is checked by reducing the current. The SNZ de
cays to 2.? ch at 20 A (g) nnd furth~r to 1 ch at 18 A

where the current is reversed aguin. Finally at 27.5 it
grows again, lerrrling to a quench (i). The rIol M trnce in
Fig, II shows a much longer history wtth very large SNZ,

Bcmarkab]e is the siturition after the growth to 77 ch

lcng:h at (39), repeated at (kl); the growth to 84 ch
took several seconds and occurred automatically, th~
power supply being at i+e mHximum voltage liMIt. The
fnct thnt total recovery (42) could take place, after
90% of the winding was resistive and dissipated 8U W for
svveral necnndg, dmtonstrates the strength of tho SN7.

effmt,

.%me gr?nernl feuturr=s emerge clearly: growth can

occur at ourrunts > 22 A, decay at r!urronts < 21.5 A.
Retwr?en growth End de,!ay events the SNZ is essentially
conntnnt: tho sN7. follows a line 01’ almost const?tn.

lenRth of r?sl.ctive zone, For Inrc,c SNZ this 1s somr-
times obscured by the fact thnt flro,fth or decny is still
going on while the current, 1S being r!hanged on n slmilnr

time scnle; slower chnngs, in Fig. 4 hctween (2$) nnd
(28), at (3]) and (311)(36) show the constnnr!y of the

SNZ. The whole eolld trace took 300 s to maka.
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~I~HtmLory or SW wnan Lrmnmpart current la varied.
I!llllatlon Or :;KL (nt[,r;d. and 24,3A) 1S by nanter p,,lse.
ihal’md trnt!nl B,lOr L sli~ (nuch am Uncd 10 !neJnuro tv P-
raturo prnflle)l aulld trncel lar~nnl Gtlz obmerved.

A large mmlber of such SNZ histories were traced.
The highest growth aurrents of 27,7 A here Renor~lly
Gbscrved at E high helium level (up to 60 cm mhovc tlv?

rim uf the channels), but qucnchcs were more frcq~cnt,
eVen ~t loWCr curront,l, At low hcllum 1CV=4, ~erl~r.nlly

several cm below tho upper rim, cyclinq o; the SN7. was
●asier, allowir,fl tho occurrence of tho lnr,qest
Obscrvel,

SNZ
Also, it acmns thut durinR cycling tht 5NZ

movr?s into the most I’avornblc plwes,

Whil@ conveotivrn movt’mpnt. s in the cool art within n
ohnnnol prob,~ly plny n rule in the SNZ mmrhaninm, tl P

actunl flow through n channel uecmn to br Ipas lmpor-
t.ant. This is show by the mnnll hut mpnnurnblc prf’cct
of rorced rtirculntion by punpinn or by hcatin# F,ho hr,tss
tnpeu abovo cm holuw the Nb tap: th~ ntrt change in the
.3NZ la~th is < 2 mm, either largm cr ,mnnllcr, dtrpenri-
inR on p-, sitlon or SNZ, but the fluctuations nro rrr,tiex
ably larger, though still < 1 mm

From Fig, 2 it is noon thnt for currents nhure 77 A
thn heat production is nluays grerrt, er thnn the ~,asih~m
heat trnnsrrv hy film boiling int? tho liqlli,i, conrm-
quwntly @ limitlrss incrense in tmpmrnt,urn will lc*I tn

n Rrowth of the SN7. nnrt to n qwnnch, nll is indtwd
observed, It could be thnt film boiling in chnnnelrr is
OrreOted hy other pnrmnctr!rs nnd thut growth nt ioumr

currrmtn occurs rw similar reasons.

Calculations indicate that below 21 A only those

~rtlons of tape covered by channel dividers r=ain
resistive: at 18 A oooling la $ufficient to aauae co!+
plete collapse of the retaining resistive zones. Cbaar-
v~tion showed that in ~me oases the current had to be

raducd to 17 A before the laat vestige of SMZ disa~
peared; on raising the ottrrent a SNZ had to be started.
regain by ● heater pulse. The large apred of decay cur-
rent raflects the facv that the covered mea by ahannel
dividers can vary frarr almost rmthing h about 2 Q in
some places. w

~ LGcalizad keat transfer

The SNZ consists of a resist.va region (aastzned ta
be fully normal ●m.! having sharp adgea), trmrtsferring
haat by film boiling, and by adjacent auparcormlttcting
regioas, where haat transfer, aa far as it is necessary,
ia by nuc’eata boiling. Since the boundary bctwaen rmr-

mal and auperootiucting regions la stationary it ie
~ssible to calculate the local heat tranafer from a
measured tamparnture profile. The apparatua uad is rat
ideally equi~ped for such ❑ measurement, ho~ver, some
favnrable oir~!unatances allow a proceea leding to ●

good ●sthete of the loo~lized heat transfer.
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AbJnluLu aecurhcy of pomlllun lo : O.U m du~ to tne
und~rtmlnly of ●xnct pOnl Lion or potanllal Lapl rclntlva
●ccuracy In mucn nLltndr.
ron~tlnn or tnermc~ati!rnl A in e“i III 8 in on 25 ●nd an i5
Loft and rl~nt ●dga nre in @n?’. mnd ?6 (UP or turn) for ●,
enq and 11 ror A , on2~ and 2> (l~er turn YrOr Clm
‘Tile .tump in ~rriaeAat 24. UA and in traoe. at 22.2A
owema 10 Cmlnclde Wltn LM pomillnn or lM tnO*~MOr-.
Prematura tarm~natlon of onn wdue (Icrt cdgn A at 24.6A,
ri~nt ●dga ● ●t ?~,l~A)Lndlaata Hrowtt\ ●vcnta.

t4snnurunents of the lenqth of short FiNZ indicate ●

dinti.let rlrprndcnco on the tpann~rt ourrent na given in
Flrq.5. It in pssihle Lopomitionthc SNZ boundnry near a
ainglr thermometer m-i mov : it aeronn in mmnll steps by
changing the curr~nt. Fiq, 6 shows Ltwpmaturo prorilae
thws monsur+. Instcrml of muving a Lhermrmctrr nrroas ●

r;~ed SNZ boundary one mo{as a SNZ bound cry recross the
Pnnit. i,, n of’ the :hcrmunei.er. ThF temperature prorile
pmt. nhly ohnnges sonewha~ with lncreaaing ourrent, yet
indit?ntions nre, that such chnnges n?e nt~ligibly small
in the rnnge or aurr?,lt~ under eonsirit?rntion: thus the

mens~rml Lempernture pro filr npprGximatns vary aloaely

the profile of ● SNZ boundary at fixed current. The
metisurml trmpcraturo prorllen do mt rmtch mwh be~nd Al

—
●iiul ~e,l,lnnnrlIy lne aorrect ●nplmruttlon ror tnn mpraad In

d~[:~y current, hut Lnc variation in ohnnrwl wldtn of 1. ILC. lM
lran~litnm Into cnannal dlvidmra (torlc!! slmwmn more or lcsm
mq!lm~xml) aovorlnrn uorm or lemm tflpw. On Ln? n(nur nand lnerm
1- 1 mll tnluk and \/1#” wlda mylar ●dtmtvo Lnrr@ botumr lho
clmtN.01 ,Itvldmr nnd lnc Lnpea, ●tUdk mernna MQ tapea. Stm\l~r
adrwlvs lapn Ls hatwotrn tnc malal Lalm lU glum ● otirmth Wr -
rml!an
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Temperature Proflles or tne right edge of SNZ, from FIO.5.
Pointn: measured; Curves: calculated.

K; although temperatures up to 17 K were measured, their
position was uncertain, beciiuge in all three cages the

SNZ grew to a larger size between the potential ta~s!”
The measured temperature fluctuations are about +_O, 1 K

at 5K and ~0.lsK at 7K and have periods of the order of
0,5 9: ‘hey seem to be somewhat smaller th”, n the resis-

tive fluctuations equivnlont to ~0.lQ mm of boundary
movenent.

The solid lint! in Fig. 6 is a calculatrxl tcm~,cr~)turo
profile according to the one-dimensional solution to the
stefidy state heat. equation

T- Cemx+~+TO

k(= 0,+ W/cm K) i!t the thermal conductivity of lib; for T

> TC(I), rj is assmd to he q(I) from Fig, 2 , or
j~o/d, (d thickness of tepe), for T < Tc, j : 0; for AT >

12K, h is tnken from FiK 2 as h - 7? mW/cmtK: for AT <
lK h , u.1 W/cm*K (!iVPS {~c- h~:tt, rit, c is on

integ?!rt ion con9tant , with dimension of ~nnpernt, urc,

that trimp!y shifts the origin c)f x,

For lK < AT < 12K, cover in,q rr rcR ion nhout 2 mm
long, a COn?J~ant. hcnt trnnnrer is ass.rrld, hn{j thp

solution to the ho#t r?aunt,lorl bccw~s

The resulting temperature rtistrihuti Gn is a pnraholrr;

the two integration constnnts only caws? horlzc, nt. rrl or
vf!rtiortl shift, . In Fig. 5 solutions ftir foilr dlfrorcnl,
choices of 4 between 0,8 and 1,5 W/cmt are joined (nt
the horizontrrl nrrow) te the film boiling so]utlon f4nd
continua below T with the nucl cute boil inR sollitic~n,
The moo!jllred poj$ts roll betwron the cl,-ves ror 1 frnrt
ror 1.2 W/cml, The other two ,Iistribut. ions fit rjlmilar
values, erncrpt that. the nlmlcnto boll ing tail in vh ?5
r~quiros frn even lC)WCr h *

nb’

would indicate a rate of evaporation of o.09+cmk per cm
length of a 2 mm wide boundary,It could be that a high
temperature gradient is essential In order to straddle
the temper at,jre range of 2K < AT < 10K in a distance

comparable to th? possible extent of the re-wetting
zone, This is rea,wn to suspect that low thermal con-
duction is impwtant for the SNZ mechanism.

on entering ~ = 1 and 1.2 W/cmt in Fig. 2 it is

found, as required, that the t4addock-J ames-Norr{s
criterion7 is fulfilled. The areas above snd below the

q(25A) line enclosed by the dashed heat transfer curves
are equal to within a few percent,

V Anomalous heat transport

It was observed that for an:l. but thr smallest

heater pvlse:l a N2 appeared nat or, iy near junct.lon of
heater and tape (original NZ) but also in the adjacent

tapr!s in locutiGns directly above the heater (neigh

boring NZ). Heat trans~rt through the channel divldprs
is calculated to be or the order of mW per degree
temperature difference between the tapes (notwithstand-
i.ncthe Cured inside the tcfl.on sleeve), thus even a
temperature difference of 50K would not suffice to
create a N.? by cotiuction. Heat flow through the G-10
tube backing is much smaller.

A test series at 20 and 18 A with 1 s sq~are pulses
revealed t,he threshold for which a neighboring NZ wns

crented , thr extent of the neighboring zone!r and the

delay time between onset of original ard netghbori’g N7.
ns shown in Fig. 7, for 20 A, The 18 A results me only

difrerent in having originol NZ approx. ?0% emaller.
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The following hypothesis may explain such behavior.
The heater pulse evaporates the liquid in the immediate

neighborhood of the tape, requiring 2.55 J/cm J of liquid.
Prior to the arrival of the heat pulse the liquid colwrrn

in the channel is practically stagnant. The gas bub-
ble(s) will rise and initiate convective motion in the

liquid colwnn. This process requires some time. Be fOre
the convective motion is sufficient to circulate enough
fresh liquid to the hot tape the neighborhood of the
pulse heater boils dry and the initial gas huhble ab-

sorbs more heat by raising its temperature. The rising

hot bubble creates neighboring NZ.

Quantitative e.nples further illustrate the hypo-
thesis. To evaporate the liquid in i~mr+iate contact
with the tape, a volme of (width of tape)~ x thickness
of channel z 0.07 cm~ liquid needs 0.18J. ilt 0.7 W this
requires 0.25s and creates C,S cm’ of gas at 4K and 1

atm, Suppose no fresh liquid is available and the hot
zone continues to heat the expanding bubble at the rate
of 15 K/J expanding its volune by II cm l/J. In Fig. 8

the enthalpy per unit volwe of helium at 1 atm is
givrm. For a heater pulse of 1.lW the liquid w,,ld be
evaporated after 0.16s and the tanpwaturc Gf 6 K wuld
be reached after further 0.08s with a bubble size of

0.9 cm’.

It i3 s?en thnt these fip, urns in conjunct ic,n with

the experimcntnl rcg~llt: PlausilJIY support the }lYPC~
the~is. Thr existing rxperlment.:!l data .aro Innuffi’ion!.
to provm this mrchani::m anti many (}lif>sti,,n,’l :]wnlt fl]rtll[>r
stud y , For instance, if a rr, nvcctivo Jlrru!otlc)n in oct

uP, by lteflti~ll the brass tap{!s or lIy pumpin,;, w,(i)o the
thronhc,ld to crente noighhorinp, !1? in~rr!s,$, as Pxpnr-

t Cd , nnd by )K, W much ? If lonKrr pul?c~ art! used, how
lGIM w1ll It tokc b- fc, r”p thfI nolfll!)~,r]nr, N:} dinoppr”:lr

again, indicating that wnvcctive P(iui)ibri(]rn in eut. ab-
li3t1,~l ?

I .,

!,, !!,,,,,,,.

VI Di~cussiGn and COnCIUSl~n

Two heat transfer effects were reported, both
incidentally observed in an apparatus origina~lY

designed for steady state experiments. The study is but
preliminary and far from complete. It was rerwrted at
this stage because it points to effects that might b? Of
concern in coil designs ~lqing the traditional bath
Cooling.of the two phenomena described, one, the SNZ

effect, once sufficiently understood. could be clear]”’
beneficial, while the other, heat transpurt by super-
heated bubbles, maY be very tro~blesome.

The reported phenomena illustrate some of the

complexities of heat trans!’er intc helium and COLW
sequently indicate our insufficient understanding of a
process that is crucial to the stability of operation in
the superconducting current carrying state.

The SNZ has been used to measure localized heat

transfer, especially in the temperature region between

film boi!ing and nucleate boiling.

The anomalous heat transport indicates a time

depend(>nce of the heat transfer of the order of tenths
oi ,gecc,nds and iS likely t.r, have a convective mechanism.

fk,th, localized and time dependpnt heat transfer are
germane tf instohilltios in .w!pprcondl]rtors nnd to onset
of quenchinfl, Whweas st(. tiy state heat trnnsfcr is not

appl ic[lblc.
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